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TI Stability of DNA triplexes on shuttle vector plasmids in the replication 

pool in mammalian cells . 
AU Lin F L; Majumdar A; Klotz L C; Reszka A P; Neidle S; Seidman M M 
CS Laboratory of Molecular Genetics, National Institute on Aging, National 

Institutes of Health, Baltimore, Maryland 21224, USA. 
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AB Triple helix-forming oligonucleotides may be useful as gene-targeting 

reagents in vivo, for applications such as gene knockout. One important 
property of these complexes is their often remarkable stability, as 
demonstrated in solution and in cells following transf ection. Although 
encouraging, these measurements do not necessarily report triplex 
stability in cellular compartments that support DNA functions such as 
replication and mutagenesis. We have devised a shuttle vector plasmid 
assay that reports the stability of triplexes on DNA that undergoes 
replication and mutagenesis. The assay is based on plasmids with novel 
variant supF tRNA genes containing embedded sequences for triplex 
formation and psoralen cross-linking. Triple helix- forming 
oligonucleotides were linked to psoralen and used to form 

triplexes on the plasmids. At various times after introduction into cells, 

the psoralen was activated by exposure to long wave ultraviolet 

light (UVA) . After time for replication and mutagenesis, progeny plasmids 

were recovered and the frequency of plasmids with mutations in the supF 

gene determined. Site-specific mutagenesis by psoralen 

cross-links was dependent on precise placement of the psoralen 

by the triple helix-forming oligonucleotide at the time of UVA treatment. 

The results indicated that both pyrimidine and purine motif triplexes were 

much less stable on replicated DNA than on DNA in vitro or in total 

transfected DNA. Incubation of cells with amidoanthraquinone-based triplex 

stabilizing compounds enhanced the stability of the pyrimidine triplex. 
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TI Processing of targeted psoralen cross-links in Xenopus oocytes. 
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CS Department of Biochemistry, University of Utah School of Medicine, Salt 

Lake City 84132, USA. 
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AB Psoralen cross-links have been shown to be both mutagenic and 

recombinagenic in bacterial, yeast, and mammalian cells. Double-strand 
breaks (DSBs) have been implicated as intermediates in the removal of 
psoralen cross-links. Recent work has suggested that site-specific 
mutagenesis and recombination might be achieved through the use of 
targeted psoralen adducts . The fate of plasmids containing 
psoralen adducts was evaluated in Xenopus oocytes, an experimental 
system that has well-characterized recombination capabilities and 
advantages in the analysis of intermediates in DNA metabolism. 
Psoralen adducts were delivered to a specific site by a 

triplex-forming oligonucleotide. These lesions are clearly recognized and 
processed in oocytes, since mutagenesis was observed at the target site. 
The spectrum of induced mutations was compared with that found in similar 
studies in mammalian cells. Plasmids carrying multiple random adducts were 
preferentially degraded, perhaps due to the introduction of DSBs. However, 




when DNAs carrying site-specific adducts were examined, no plasmid loss 
was observed and removal of cross-links was found to be very slow. 
Sensitive assays for DSB-dependent homologous recombination were performed 
with substrates with one or two cross-link sites. No adduct-stimulated 
recombination was observed with a single lesion, and only very low levels 
were observed with paired lesions, even when a large proportion of the 
cross-links was removed by the oocytes. We conclude that DSBs or other 
recombinagenic structures are not efficiently formed at psoralen 
adducts in Xenopus oocytes. While psoralen is not a promising 
reagent for stimulating site-specific recombination, it is effective in 
inducing targeted mutations. 
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AB Nucleotide excision repair (NER) plays a central role in maintaining 
genomic integrity by detecting and repairing a wide variety of DNA 
lesions. Xeroderma pigmentosum complementation group A protein (XPA) is an 
essential component of the repair machinery, and it is thought to be 
involved in the initial step as a DNA damage recognition and/or 
confirmation factor. Human replication protein A (RPA) and XPA have been 
reported to interact to form a DNA damage recognition complex with greater 
specificity for damaged DNA than XPA alone. The mechanism by which these 
two proteins recognize such a wide array of structures resulting from 
different types of DNA damage is not known. One possibility is that they 
recognize a common feature of the lesions, such as distortions of the 
helical backbone. We have tested this idea by determining whether human 
XPA and RPA proteins can recognize the helical distortions induced by a 
DNA triple helix, a noncanonical DNA structure that has been shown to 
induce DNA repair, mutagenesis, and recombination. We measured binding of 
XPA and RPA, together or separately, to substrates containing triplexes 
with three, two, or no strands covalently linked by psoralen 
conjugation and photoaddition . We found that RPA alone recognizes all 
covalent triplex structures, but also forms multivalent nonspecific DNA 
aggregates at higher concentrations. XPA by itself does not recognize the 
substrates, but it binds them in the presence of RPA. Addition of XPA 
decreases the nonspecific DNA aggregate formation. These results support 
the hypothesis that the NER machinery is targeted to helical distortions 




and demonstrate that RPA can recognize damaged DNA even without XPA. 
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TI Chromosome targeting at short polypurine sites by cationic triplex-forming 
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AB Triplex-forming oligonucleotides (TFOs) bind specifically to duplex DNA 
and provide a strategy for site-directed modification of genomic DNA. 
Recently we demonstrated TFO-mediated targeted gene knockout following 
systemic administration in animals. However, a limitation to this approach 
is the requirement for a polypurine tract (typically 15-30 base pairs 
(bp) ) in the target DNA to afford high affinity third strand binding, thus 
restricting the number of sites available for effective targeting. To 
overcome this limitation, we have investigated the ability of chemically 
modified TFOs to target a short (10 bp) site in a chromosomal locus in 
mouse cells and induce site-specific mutations. We report that replacement 
of the phosphodiester backbone with cationic phosphoramidate linkages, 
either N, N-diethylethylenedi amine or N, N-dimethylaminopropylarnine, in a 
10-nucleotide, psoralen-con jugated TFO confers substantial 

increases in binding affinity in vitro and is required to achieve targeted 
modification of a chromosomal reporter gene in mammalian cells. The 
triplex-directed, site-specific induction of mutagenesis in the 
chromosomal target was charge- and modification-dependent, with the 
activity of N, N-diethylethylenedi amine > N, N-dimethylaminopropylamine 
phosphodiester, resulting in 10-, 6-, and <2-fold induction of target gene 
mutagenesis, respectively. Similarly, N, N-diethylethylenediamine and 
N, N-dimethylaminopropylamine TFOs were found to enhance targeting at a 
16-bp G:C bp-rich target site in a chromatinized episomal target in monkey 
COS cells, although this longer site was also targetable by a 
phosphodiester TFO. These results indicate that replacement of 
phosphodiester bonds with positively charged N, N-diethylethylenediamine 
linkages enhances intracellular activity and allows targeting of 
relatively short polypurine sites, thereby substantially expanding the 
number of potential triplex target sites in the genome. 
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TI Mutagenesis mediated by triple helix-forming oligonucleotides conjugated 

to psoralen: effects of linker arm length and sequence context. 
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CS Department of Therapeutic Radiology, Yale University School of Medicine, 
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AB Targeted mutagenesis and gene knock-out can be mediated by triple 

helix-forming oligonucleotides (TFO) linked to mutagenic agents, such as 
psoralen. However, this strategy is limited by the availability of 
homopurine/homopyrimidine stretches at or near the target site because 
such sequences are required for high-affinity triplex formation. To 
overcome this limitation, we have tested TFO conjugated to 
psoralen via linker arms of lengths varying from 2 to 86 bonds, 
thereby designed to deliver the psoralen at varying distances 
from the third strand binding site present at the 3' end of the supFGl 
mutation reporter gene. Following triplex formation and UVA irradiation, 
mutations were detected using an SV40-based shuttle vector assay in human 
cells. The frequency and distribution of mutations depended on the length 
of the linker arm. Precise targeting was observed only for linker arms of 
length 2 and 6, which also yielded the highest mutation frequencies (3 and 
14%, respectively) . Psoralen-TFO with longer tethers yielded 
mutations at multiple sites, with the maximum distance from the triplex 
site limited by the linker length but with the distribution within that 
range influenced by the propensity for psoralen intercalation at 
A:T base-pair-rich sites. Thus, gene modification can be extended beyond 
the site of third strand binding but with a decrease in the precision of 
the targeting. 
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TI Site-specific targeting of psoralen photoadducts with a triple 

helix-forming oligonucleotide: characterization of psoralen 

monoadduct and crosslink formation. 
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AB A polypurine tract in the supF gene of bacteriophage lambda (base pairs 
167-176) was selected as the target for triple helix formation and 
targeted mutagenesis by an oligopurine ( 5 ' -AGGAAGGGGG- 3 1 ) containing a 
chemically linked psoralen derivative ( 4 1 -hydroxymethyl-4 , 5 ' , 8- 
trimethylpsoralen) at its 5' terminus (psoAGlO) . The thymines at base 
pairs 166 and 167, a 5 1 ApT site, were targeted for photomodif ication . 
Exposure of the triple helical complex to long wavelength ultraviolet 
radiation led to the covalent binding of psoAGlO to the targeted region in 
the supF gene and to the induction of site-specific mutations. We report 
here experiments to characterize the photomodif ication of the targeted 
region of the supF gene in the context of triple helix formation. An 
electrophoretic mobility-shift assay showed that, at low radiation doses, 
monoadducts at base pair 166 were the major photoadducts . At higher doses 
the monoadducts were converted to crosslinks between base pairs 166 and 
167. HPLC analysis of enzymatically hydrolyzed photoreaction mixtures was 
used to confirm the electrophoresis results. A strong strand preference 
for specific photoadduct formation was also detected. 
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AB Light-activated psoralens can covalently modify DNA and are widely used to 

study nucleic acid secondary structure and mutagenesis. Sequence 

specificity can be added to the photoaddition reaction by attaching the 

psoralen to an oligonucleotide designed to recognize a 

double-stranded DNA binding site through formation of a triple helix. We 
have previously used this strategy to study targeted psoralen 
modification of a triplex binding site within the bacterial supF gene 
carried in viral genomes. In the present work we report the targeting of 
psoralen photoadducts in vitro to a specific site in the genome of 
a transgenic mouse. Both 10 base and 16 base oligonucleotide- 
psoralen conjugates were capable of sequence-specific modification 
of genomic mouse DNA, while a truncated 8 base conjugate was not. Light 
activation was necessary, and a dose dependence was demonstrated for 
target site modification and mutagenesis. The 10 base conjugate 
rapidly found its target, with sequence-specific binding occurring after 
just 10 min incubation in the presence of mouse DNA. The ability to target 
psoralen photoadducts within mammalian genomes may prove useful in 
the study of chromatin structure and DNA repair. Moreover, this work may 
lead to potential in vivo applications of targeted 
psoralen modification. 
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AB Triplex forming oligonucleotides (TFOs) are of interest because of their 
potential for facile gene targeting. However, the failure of TFOs to bind 
target sequences at physiological pH and Mg(2+) concentration has limited 
their biological applications. Recently, pyrimidine TFOs with 
2 1 -O-aminoethyl (AE) substitutions were shown to have enhanced kinetics 
and stability of triplex formation (Cuenoud, B., Casset, F., Husken, D., 
Natt, F., Wolf, R. M. , Altmann, K. H., Martin, P., and Moser H. E. (1998) 
Angew. Chem. Int. Ed. 37, 1288 — 1291). We have prepared psoralen 
-linked TFOs with varying amounts of the AE-modified residues, and have 
characterized them in biochemical assays in vitro, and in stability and 
HPRT gene knockout assays in vivo. The AE TFOs showed higher 
affinity for the target in vitro than a TFO with uniform 2'-OMe 
substitution, with relatively little loss of affinity when the assay was 
performed in reduced Mg(2+). Once formed they were also more stable in 
"physiological" buffer, with the greatest affinity and stability displayed 
by the TFO with all but one residue in the AE format. However, TFOs with 
lesser amounts of the AE modification formed the most stable triplexes in' 
vivo, and showed the highest HPRT gene knockout activity. We 
conclude that the AE modification can enhance the biological activity of 
pyrimidine TFOs, but that extensive substitution is deleterious. 
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AB Triple helix- forming oligonucleotides may be useful as gene-targeting 

reagents in vivo, for applications such as gene knockout. One 



important property of these complexes is their often remarkable stability, 

as demonstrated in solution and in cells following transf ection . Although 

encouraging, these measurements do not necessarily report triplex 

stability in cellular compartments that support DNA functions such as 

replication and mutagenesis. We have devised a shuttle vector 

plasmid assay that reports the stability of triplexes on DNA that 

undergoes replication and mutagenesis. The assay is based on 

plasmids with novel variant supF tRNA genes containing embedded sequences 

for triplex formation and psoralen cross-linking. Triple 

helix- forming oligonucleotides were linked to psoralen and used 

to form triplexes on the plasmids. At various times after introduction 

into cells, the psoralen was activated by exposure to long wave 

ultraviolet light (UVA) . After time for replication and 

mutagenesis, progeny plasmids were recovered and the frequency of 

plasmids with mutations in the supF gene determined. Site-specific 

mutagenesis by psoralen cross-links was dependent on 

precise placement of the psoralen by the triple helix-forming 

oligonucleotide at the time of UVA treatment. The results indicated that 

both pyrimidine and purine motif triplexes were much less stable on 

replicated DNA than on DNA in vitro or in total transfected DNA. 

Incubation of cells with amidoanthraquinone-based triplex stabilizing 

compounds enhanced the stability of the pyrimidine triplex. 



